Objectives: To design and pilot a novel classification system for the assessment of caries lesion progression in bitewing radiography and to report rater agreement of the system. Methods: A classification system with drawings and text was designed to assess caries lesion progression. Guidelines for Reporting Reliability and Agreement Studies were used to study and report rater agreement. Pairs of posterior bitewing radiographs (baseline and 1-year follow-up) with different status concerning caries lesion progression were selected from files from public dental health clinics. 10 raters, 5 general dental practitioners and 5 specialists in oral and maxillofacial radiology were asked to assess the radiographs with the aid of the classification system. Seven raters repeated their assessments. Rater agreement was expressed as percentage of agreement and kappa. Results: Kappa for the interrater agreement of 10 raters assessing progression was 0.61, indicating substantial agreement. Agreement was moderate for progression in the outer half of the dentine (kappa 0.55) and within enamel (kappa 0.44). Pairwise interrater agreement varied (range 69-92%; kappa 0.42-0.84). For about half of the pairs of raters, kappa was substantial ($0.61). Intrarater agreement assessing progression was substantial (kappa 0.66-0.82).
Introduction
Alongside visual/tactile examination, radiography is well established as a diagnostic tool to detect caries. According to a recent meta-analysis, the sensitivity for detecting caries in clinical and in vitro studies is 0.24 and 0.42, respectively, for approximal lesions and corresponding specificity is, 0.97 and 0.89. 1 Based on the results of clinical studies, the mean sensitivity for detecting dentinal lesions in radiographs is 0.36 and based on in vitro studies, it is 0.45. The mean specificity is 0.94 and 0.95, respectively. 1 Reported rater agreement varies among radiographic studies of caries detection; [2] [3] [4] [5] this may be owing to differences in underlying sample characteristics, such as lesion depth, dentition, surface location and caries prevalence, and to methodological heterogeneity, such as the number of surfaces, number of raters and scoring categories.
In general dental healthcare, clinicians often have access to a series of radiographs of their patients from different years. The decision on intervention of approximal caries can then be based on not only the clinical examination and the detection of caries lesions and lesion depth in the radiographs but also the caries lesion progression rate. In addition, when evaluating different types of interventions, accurate assessment of caries lesion progression is important in everyday clinical practice and in the context of scientific studies. Assessment of caries lesion progression is also crucial in studies of caries risk assessment, as caries increment, i.e. the development of new or more severe disease, comprises the reference standard of choice. A recent systematic review of methods for caries risk assessment demonstrated a lack of clear definition of diagnostic criteria and data on rater variability for the assessment of caries lesion progression. This resulted in a methodological heterogeneity among the included studies. 6 Although caries lesion progression is assessed radiographically daily in clinical practice and in several scientific studies, the level of agreement among raters is largely unknown. To our knowledge, there is only one previous publication on the reproducibility of radiographic assessment of caries lesion progression. 7 In view of the importance of the radiographic assessment of caries lesion progression, an established classification system for this assessment could prove valuable. It would have the potential to facilitate clear communication among clinicians and researchers. Preferably, a novel classification system should be evaluated concerning its diagnostic accuracy and correspond to changes in disease status. However, accuracy of radiographic assessment of caries lesion progression in terms of sensitivity and specificity is difficult to achieve owing to difficulties in obtaining a reference standard. Wenzel et al 8 stated, "when no valid expression of the true state of the disease can be obtained a study of precision …is appropriate". Swets and Pickett 9 also highlighted that observer performance could be considered as a measure of the extent to which the inaccuracy of a system is the result of decision-making errors. Based on the reported variation among dentists in the detection and depth estimation of caries lesions, it can be expected that this variation may also exist for the assessment of caries lesion progression.
Hence, the objective of this study was to design a classification system for the assessment of approximal caries lesion progression in bitewing radiography and to pilot its applicability in terms of rater agreement among a group of general dental practitioners (GDPs) and oral and maxillofacial radiologists.
Material and methods
In order to achieve an approach that enables the readership to assess potential bias, this study implemented the guidelines proposed in the Guidelines for Reporting Reliability and Agreement Studies (GRRAS). 10 We used a GRRAS checklist with modifications (Supplementary Table A ). 11 Sample of adolescents Adolescents, aged 12 years, from two public dental health clinics (Kronoberg and Blekinge County, Sweden) were consecutively enrolled when visiting the clinic for regular check-up appointments. The enrolment took place during a recruitment period for a prospective clinical trial in 2012-2014. The adolescents were examined by visual and tactile examination using a mirror and probe. Then, one bitewing radiograph was exposed in each side of the mouth. The examinations were repeated yearly. Ethical approval was given by the Regional Ethical Review Board, Lund, Sweden (diary number: OD62-2012/122).
Radiographic equipment and quality control
Dental X-ray units (Planmeca Intra, Helsinki, Finland) operating at 8 mA and 63 kV with a rectangular positioning device and a focus-to-skin distance of 0.35 m were used. The X-ray units were equipped with electronic timers. Exposure time was set to 0.25 s, but in applicable cases, this was adjusted to 0.32 s. The two imaging plate systems used were Soredex Digora ® (Soredex, Finland) with a 40 3 30 mm 2 effective area and Dürr VistaScan ª (Dürr Dental AG, Germany) with a 28 3 36 mm 2 effective area. The imaging plates offered a pixel size of 39 3 39 and 45 3 45 mm 2 , respectively. The imaging plates were enveloped in a plastic protective sheet and fixed to a Kwik-Bite ® film holder (Kerr Corporation, USA).
Prior to the radiographical examination, the first author (AS) checked the radiological equipment for the following parameters: tube voltage, exposure time (reproducibility and linearity), low contrast and spatial resolution. The doses of radiation (microgray) for different exposure times were recorded. In addition, dose ratios (milligray per second) were recorded for applicable exposure times (0.2, 0.25 and 0.32 s). Regarding tube voltage, thresholds for kilovoltage were adjusted (60, 63, 66 and 70 kV) and the actual tube voltage was recorded with RaySafe ThinX Intra equipment (Unfors RaySafe, Fluke Biomedical, WA). When exposure times were registered, a scheme of five repetitions per time setting based on the clinically applicable exposure times was adopted for the reproducibility control. Further, a series ranging from 0.01 to 0.5 s of exposure time was used for the linearity control. Doses of radiation were measured throughout and dose ratios calculated on the obtained values. Spatial resolution was measured by exposing a spatial resolution phantom three times with different exposure times intended to produce optimal visualization of the object in the computer software used. Two plexiglass plates served as a phantom meant to represent the soft tissues of patients, thus being placed in between the spatial resolution phantom and the imaging plate. A value, visible lines per millimetre, was obtained by reviewing the radiographic image (expressed as a number of 1-10). In order to obtain the best possible image of low contrast reproducibility, a plexiglass rectangle with depressions of different depths was used.
The images were saved in digital software programs: Arion (Pro Curis AB, Sweden) or Effica Viewer (Tieto Healthcare and Software AB, Finland). All images were exported as digital imaging and communication in medicine files 12 to portable storage media from the digital viewing software programs. The images were then imported to Romexis ® software (Planmeca, Finland) and were anonymized.
Classification system and selection of bitewing radiographs and approximal surfaces A classification system with drawings was designed to visualize disease status in terms of no caries lesion progression or caries lesion progression ( Figure 1 ). Parallel to the drawings, text and indices were included to clarify different status of the approximal surfaces.
Two of the authors (AS, MR) selected the bitewing radiographs of approximal surfaces to be included in the study. During the selection process, image quality regarding contrast, sharpness, brightness and projection as well as lesion progression were considered. Images in each patient were paired: one image from baseline and one image from the 1-year follow-up. Radiographs were selected to represent five surfaces for all categories presented in Figure 1 , except for surfaces with caries lesion in the inner half of the dentine (Categories 4, 8, 11, 13 and 14), which were not represented in the sample and not assessed by the raters. 20 sound surfaces without progression were included. Altogether, 65 approximal surfaces with and without caries lesion progression were included, 39 surfaces in first molars and 26 surfaces in premolars from any quadrant with 1 surface reoccurring in the sample. All selected surfaces were non-restored, five surfaces were adjacent to a restored occlusal surface and one surface was adjacent to a restored approximal surface. Fillings in other surfaces were composite alike in radiolucency. Moreover, of the 65 surfaces with 2 radiographs of each (resulting in 130 images), 17 surfaces overlapped with the neighbouring surface, but the overlap did not extend beyond the outer half of the enamel.
Raters and ratings 10 raters, 5 GDPs and 5 specialists in oral and maxillofacial radiology were asked to assess the approximal surfaces. The GDPs worked at five different general dental clinics in three different public dental health counties. The specialists were currently employed at or had recently been employed at the Department of Oral Figure 1 Classification system for the radiographic assessment of caries lesion progression in approximal surfaces. Caries lesions were categorized as follows: "Outer enamel" represents lesions in the outer half of enamel; "Inner enamel" represents lesions in the inner half of enamel; "Outer dentine" represents lesions in the outer half of dentine; "Inner dentine" represents lesions in the inner half of dentine. 13 Images were viewed on an 18.1-inch greyscale liquid crystal display monitor (Medical Flat Greyscale Display, 1318, Barco, Belgium) set at a screen resolution of 1280 3 1024 pixels, 8-bit colour depth, with an original luminance of 400 cd m 22 and 0.2805 pixel pitch. The room had dimmed light (ambient light below 20 lux), and the viewing distance to the screen was 30-40 cm. No image enhancement or altering of image characteristics was allowed. The images were displayed side by side. The software, which was applied, used bilinear interpolation for scaling of images on screen. During the viewing sessions, which were performed independently by each observer, one of the authors (AS) was available to answer questions and to fill out the protocols. For each included approximal surface, the images from baseline were read simultaneously with those from the follow-up. Prior to the ratings, the raters were allowed to view pairs of bitewing images serving as examples of upcoming assessments. The raters were informed that the bitewing radiographs were from adolescents and that the pair of radiographs represented one from baseline and one from a follow-up examination. They did not receive any additional clinical information. The raters were aware that their ratings were to be compared with those of other raters.
The raters independently assessed the surfaces according to the classification system (Figure 1) , which was available to the raters during their assessments. The raters were told which tooth and surface to assess. Seven raters (three GDPs and four specialists) reassessed all surfaces in the same order and same setting after 2-4 weeks. During the second viewing, raters were blinded towards their results from their previous assessments.
Statistical analysis
Statistical analysis was performed with the aid of a statistician at Malmö University. The analysis was performed using STATA 10 (StataCorp, LP, TX). Kappa values with 95% confidence intervals (CI) were generated for intrarater and interrater agreement. For the pairwise interrater and intrarater agreement, the percentage of agreement was also calculated. Interrater agreement calculations were based on the first reading. Kappa values, varying from 21 to 1, were categorized according to the scale suggested by Landis and Koch. 14 
Results
All selected 65 surfaces and all rater assessments were included for final analysis. Substantial interrater agreement was achieved for 10 raters for the assessment of caries lesion progression. Intrarater agreement was generally higher than interrater agreement.
Interrater agreement Agreement in rating progression was substantial among 10 raters (kappa 0.61), being 0.57 among 5 GDPs and 0.65 among 5 specialists ( Table 1) . Agreement of 10 raters was moderate for the assessment of progression in the outer half of the dentine (kappa 0.55) and within the enamel (kappa 0.44) ( Table 1 ). For surfaces assessed as sound without progression, agreement was substantial (kappa 0.78).
Pairwise interrater agreement regarding progression ranged between 69% and 92% with corresponding kappa values from 0.42 to 0.84 ( Table 2 ). About half of the kappa values indicated at least substantial agreement ($0.61). Two raters (GDP 2 and oral radiologist 4) presented moderate pairwise agreement with all other raters (Table 2) . Table 1 Interrater agreement expressed as kappa with confidence intervals (CI) for the assessment of caries lesion progression of approximal surfaces (n 5 65) in bitewing radiography of adolescents
Raters Agreement
All surfaces assessed to present progression (5, 6, 7, 9, 10, 12) a Surfaces assessed to present progression within the enamel (5, 6, 9) a Surfaces assessed to present progression in the outer half of the dentine (7, 10, 12) a Kappa (CI) Kappa (CI) Kappa (CI) All raters (n 
Intrarater agreement
Intrarater agreement was above 80% for the assessment of caries progression (Table 3) . Expressed as kappa, the agreement was substantial for all observers (mean 0.76; range 0.66-0.82). Agreement varied among raters for the assessment of progression in the outer half of the dentine (86-97%; kappa 0.52-0.90) ( Table 3 ) and for progression within the enamel (82-91%; kappa 0.52-0.73) ( Table 3 ). For surfaces assessed as sound without progression, agreement ranged between 94% and 100% (kappa 0.86-1.00). No rater consistently presented the highest or lowest intrarater agreement, but the CI were somewhat wider for some raters.
Discussion
The present study proposes a novel classification system for the assessment of caries lesion progression in bitewing radiography. The results on rater agreement demonstrate that it is possible to achieve substantial agreement between several raters as well as within raters. During the last decades, numerous systems have been proposed for the radiographic detection of approximal caries lesions. These systems are based on the interpretation of one radiograph at one point in time. [15] [16] [17] [18] [19] [20] Since a single radiograph with radiolucency should not be misinterpreted as indicating active disease, 21 an approach with a series of images may be more beneficial to clinical decision-making. Even though it has long been called for in the scientific literature, 16, 22, 23 to our knowledge, no classification system based on the radiographic assessment of change of approximal surfaces over time has ever been presented. The classification system presented in this study builds on existing systems of caries lesion detection such as the International Caries Classification and Management System (ICCMSÔ), 24 which in turn is based on the widely used International Caries Detection and Assessment System (ICDASÔ). 20 It might be beneficial to follow these criteria, as the staging of caries lesion is already known to clinicians and researchers. However, the fundamental difference is that the classification system presented in this study is designed for the comparison of two images performed with a time interval, in order to detect changes of the dental tissues. The drawings in the classification system are designed to show the caries lesion depths and lesion progression. To facilitate the interpretation of the drawings, the caries lesions within the enamel are presented as triangles. Other appearances of enamel caries lesions, such as a band or a dot, were also represented in the sample. Minor differences of contrast, e.g. in intraoral radiography of caries lesion progression, are more evident when comparing a series of images. This is particularly the case when the small changes in density within the same object are imaged against a homogeneous background. 25 Table 2 Pairwise interrater agreement expressed as percentage of agreement (%) and kappa with confidence interval (within brackets) for the assessment of caries lesion progression of approximal surfaces (n 5 65) in bitewing radiography of adolescents
Raters Agreement
General dental practitioners Oral radiologists Psychologically, the comparison of two images side by side in order to detect signs of tissue changes over time involves a different mindset than the study of a single image. In the diagnostic process, raters make a series of inferences derived from existing observations, one example being historical data. 26 In our context, historical data refer to the possibility of comparing two images exposed at different times. With access to serial radiographs over time, any small change of the hard tissues should be assessed. With respect to dental caries, not only lesion progression but also lesion regression, i.e. surface remineralization of enamel lesions, is important to assess, in particular when evaluating the efficacy of different non-invasive methods. Caries lesion regression was not included in the present classification system.
Research on observer performance views diagnosis as both a perceptual and a cognitive phenomenon that consists of learning the cues. 27, 28 Various aids have been applied to present cues characteristic of different categories, in order to decrease errors in perception and diagnostic reasoning. The present classification system designed and then piloted in our study has the advantage of presenting cues both as verbal descriptions and as visual patterns. There is ample confirmation from studies in visual diagnosis, primarily in radiology, that when data are elicited as discrete features, there is a large perceptual component that rapidly recognizes patterns rather than a cognitive component that seeks data for further discrimination. 29 In line with this concept of pattern recognition, the present classification system was designed to describe caries lesion progression with illustrations. The side-by-side illustrations are drawn to resemble radiographic images with features illustrating approximal surfaces with and without caries lesion progression. Seeing features within an appropriate context induces familiarity effects and will underpin categorization. 26 As different raters may have different visual concepts and prior experience, a study of rater agreement anticipates a design with several raters, in particular when the number of surfaces is modest. 30 In this study, low caries prevalence and few dentinal lesions limited the number of surfaces. Including more than six or seven raters has little consequence on the results when a reasonably large sample is examined. 9 Raters included in this study represented different professional experiences working in different institutions as well as different time lengths of expertise (long, intermediate and short time of experience). Yet, interrater agreement of 10 raters for caries lesion progression indicated substantial agreement (kappa 0.61), which is comparable with the results for 7 raters (kappa 0.70) in the study of caries lesion development by Wenzel et al. 7 Pairwise interrater agreement varied, but substantial agreement was reached for many pairs of raters. The average intrarater agreement was 0.76, identical to that presented by Wenzel et al 7 for the assessment of caries lesion behaviour. Although difficult to compare, these results indicate higher interrater agreement than for caries detection by bitewing radiography reported in studies of high and medium quality. 4 The magnitude of agreement is not solely a statistical decision, but also depends on the purpose and consequences of the test results. Even if the guidelines suggested by Landis and Koch 14 are widely adopted when reporting rater agreement, there have been problems when interpreting the kappa coefficients. Interpretation against arbitrary standards does not distinguish between different applications of the guidelines; for example, the reliability may be acceptable for use in a research setting but inadequate for clinical decision-making on individual patients. Clinically, there are different courses of action available in caries lesion progression: (i) non-invasive (early) intervention, the aim of which is to prevent further progression, or (ii) operative intervention, i.e. to remove the carious tooth substance and restore it with a filling. Although it is recommended that operative intervention should not be performed unless there is cavitation 31, 32 or if radiographs show definite lesion progression over time, 8 stated treatment thresholds to intervene surgically differ among clinicians. 33, 34 For example, some clinicians would restore lesions restricted within the enamel in high-risk individuals. 35 It may, however, be dubious to base a decision of operative intervention on caries risk assessment, as evidence concerning the validity of existing methods for identifying individuals at high risk is limited. 36, 6 Table 3 Intrarater agreement expressed as percentage of agreement (%) and kappa with confidence interval (CI) for the assessment of caries lesion progression of approximal surfaces (n 5 65) in bitewing radiography of adolescents
All surfaces assessed to present progression (5, 6, 7, 9, 10, 12) a Surfaces assessed to present progression within enamel (5, 6, 9) a Surfaces assessed to present progression in outer half of dentine (7, 10, 12) Numbers refer to categories presented in Figure 1 .
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We applied GRRAS, 10 which outlines important issues to be addressed when studies on rater agreement are designed and reported. To the best of our knowledge, these guidelines have not previously been applied in studies published in dental journals. There is some overlap between GRRAS and the Standards for Reporting of Diagnostic Accuracy, 37 which contains a checklist of essential elements to be included in diagnostic accuracy studies. In line with GRRAS, we reported agreement both as a percentage of agreement and as kappa statistics with CI to "allow the reader to get a detailed impression of the degree of the reliability and agreement". 10 The study has limitations. The study sample was selected by two of the authors in consensus. Although their assessment of caries lesion progression was not used as the reference standard, the selection of images affected the sample characteristics and thereby the results. 38 We did not find any report on the frequency of caries lesion progression as assessed in bitewing radiographs in any selected sample or population. Nevertheless, the frequency of surfaces with caries lesion progression may have been higher in the present study than can be expected in a given patient population. On the other hand, the percentage agreement could be higher, when many sound surfaces are included. 39 As people seem to be more influenced by representativeness than probability when judging under uncertainty, 40 the frequency of caries lesion progression may have had a modest effect on the rater assessments and thereby on the results of their agreement.
The raters were prompted to look for caries lesion progression in specific approximal surfaces. Under such a directed search condition, the rater is explicitly asked to rate the likelihood of a specific category at one highinformation region. This did not mimic the clinical situation where "free search" is the case. Furthermore, for the intrarater assessments, the raters were presented with the image pairs in the same order at both occasions. This might have led to them remembering parts of the sample.
Conclusions
We propose a novel classification system for the assessment of caries lesion progression in bitewing radiography. This system can be used to facilitate reporting and communication of changes of caries lesions and is applicable to clinical practice as well as to research of caries risk assessment and of outcomes of different caries interventions. It demonstrated substantial-to-moderate rater agreement, although further studies of different samples and under different conditions are warranted.
